Lpar3 is upregulated in the preimplantation uterus, and deletion of Lpar3 leads to delayed uterine receptivity in mice. Microarray analysis revealed that there was higher expression of Col3a1 and Col6a3 in the Preimplantation Day 3.5 Lpar3 À/À uterus compared to Day 3.5 wild-type (WT) uterus. Since extracellular matrix (ECM) remodeling is indispensable during embryo implantation, and dynamic spatiotemporal alteration of specific collagen types is part of this process, this study aimed to characterize the expression of four main uterine collagen types: fibril-forming collagen (COL) I and COL III, basement membrane COL IV, and microfibrillar COL VI in the peri-implantation WT and Lpar3 À/À uterus. An observed delay of COL III and COL VI clearance in the Lpar3 À/À uterus may be associated with higher preimplantation expression of Col3a1 and Col6a3. There was also delayed clearance of COL I and delayed deposition of COL IV in the decidual zone in the Lpar3 À/À uterus. These changes were different from the effects of 17beta-estradiol and progesterone on uterine collagen expression in ovariectomized WT uterus, indicating that the altered collagen expression in Lpar3 À/À uterus is unlikely to be a result of alterations in ovarian hormones. Decreased expression of several genes encoding matrix-degrading metallo-and serine proteinases was observed in the Lpar3 À/À uterus. These results demonstrate that pathways downstream of LPA3 are involved in the dynamic remodeling of ECM in the peri-implantation uterus.
INTRODUCTION
Collagens, the main protein components of extracellular matrix (ECM), provide tissues with their strength and shape. In addition to their structural functions, collagens act as ligands for cell membrane receptors (e.g., integrins and annexin A5) through which they mediate cellular functions, such as growth, survival, differentiation, adhesion, and migration [1, 2] . There are at least 28 different collagen subtypes classified into eight subfamilies: fibril-forming collagen (e.g., collagen [COL] I); basement membrane collagen (e.g., COL IV); beaded filamentforming collagen (e.g., COL VI); anchoring fibril-forming collagen (e.g., COL VII); fibril-associated collagens with interruptions in triple helix (COL IX); hexagonal networkforming collagens (e.g., COL X); transmembrane collagens (e.g., COL XIII); and multiplexins (e.g., COL XVIII) [2] .
Uterine collagen content alters during pregnancy and postpartum involution [3] . In the embryo implantation phase of early pregnancy, progressive differentiation of fibroblastlike stromal cells into hypertrophic polygonal decidual cells correlates with profound alterations in collagen gene expression [4] [5] [6] [7] . It has been demonstrated that different collagen types have distinct spatiotemporal expression patterns during implantation. The major fibril-forming COL I, III, and V are all reduced in implantation sites compared to non-implantation sites in the rat uterus [4] , mainly because they progressively disappear from the primary and secondary decidual zones from Day 5.5 to Day 7.5 (Day 0 as mating night) [5] [6] [7] . Their expression patterns in the outer nondecidualized stroma and myometrial tissues do not seem to change during this period [5, 6] . COL IV is also a main endometrial ECM component [8] , disappearing in the luminal epithelial basement membrane at implantation site [9] , but accumulating in the decidual zone [10] . COL VI is lost from rat stromal cells undergoing decidualization [11] . It has been suggested that abnormally increased deposition of collagen might impair uterine function, possibly by interfering with vascularization [12] or retarding remodeling events at implantation.
Uterine ECM remodeling is regulated by hormones and local factors; 17b-estradiol (E2) can inhibit the loss of collagen from the involuting rat uterus in vivo [13] , which reflects the inhibitory role of E2 on collagenase activity [14] . Progesterone (P4) was also shown to have an inhibitory effect on collagenase activity, preventing collagen degradation in postpartum rat uterine explants [15] . RU486, an antagonist and partial agonist of progesterone receptor (PR), can reduce COL IV expression in the Rhesus monkey decidua and villus during the first trimester of pregnancy [16] . It has been suggested that the spatiotemporal variation of PR and estrogen receptor in the uterus and cervix controls P4 and E2 action at parturition [17, 18] , perhaps by regulating matrix metalloproteinases (MMPs), their inhibitors, and matrix-degrading serine proteinases [1, [19] [20] [21] [22] [23] .
Lysophosphatidic acid (LPA) is a small lipid signaling molecule. Several reports have revealed potential roles of LPA on collagen regulation. LPA can induce collagen matrix contraction [24] , and has a potential role in promoting wound healing [25] , in which ECM deposition is a key event. LPA can also counteract transforming growth factor-b-induced COL I mRNA stabilization in dermal fibroblasts, therefore potentially preventing excessive scarring [26] . On the other hand, LPA may increase the invasiveness of ovarian cancer by upregulating MMP activity [27] .
LPA functions through its G protein-coupled receptors [28, 29] . It was previously demonstrated that deletion of Lpar3 leads to implantation defects [30, 31] . Since uterine Lpar3 expression peaks at Preimplantation Day 3.5, this day was chosen to screen differentially expressed genes in Lpar3 À/À uterus. Microarray results indicated higher Col3a1 and Col6a3 mRNA levels in the Preimplantation Day 3.5 Lpar3 À/À uterus. This led us to investigate the expression of four representative collagen types in the uterus: fibril-forming COL I and COL III, basement membrane COL IV, and microfibril-forming COL VI, in the peri-implantation wild-type (WT) and Lpar3 À/À uterus.
MATERIALS AND METHODS

Reagents
The following reagents were obtained as indicated in parentheses: TRIZOL and Superscript III (Invitrogen, Carlsbad, CA); dNTPs (Biomega, San Diego, CA); Taq DNA polymerase (Lucigen, Middleton, WI); E2 and progesterone (P4) (Sigma-Addrich, St. Louis, MO); superfrost plus slides (Fisher Scientific, Pittsburgh, PA); power SYBR green PCR master and 384-well plates (Applied Biosystems, Carlsbad, CA); goat anti-COL I and anti-COL III antibodies (SouthernBiotech, Birmingham, AL); rabbit anti-COL IV and anti-COL VI antibodies (Abcam, Cambridge, MA); goat IgG and rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA); rat-anti-platelet/endothelial cell adhesion molecule (PECAM) and goat anti-rat Cy3 (gifts from Dr. Lianchun Wang at University of Georgia); Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 488 rabbit-anti goat IgG (Invitrogen, Carlsbad, CA); DAPI (4 0 ,6 0 -diamidino-2-phenylindole) (MP Biomedicals, Solon, OH); Vectashield (Vector Labs, Burlingame, CA).
Animals
WT and Lpar3
À/À mice (129/SvJ and C57BL/6 mixed background) were generated from a colony at the University of Georgia, which was originally derived from our colony at the Scripps Research Institute [30] . They were genotyped as previously described [30] . The mice were housed in polypropylene cages with free access to regular food and water from water sip tubes in a reverse-osmosis system. The animal facility is on a 12L:12D (0600-1800 h) at 23 6 18C with 30%-50% relative humidity. All methods used in this study were approved by the Animal Subjects Programs of the University of Georgia and conformed to National Institutes of Health guidelines and public law.
Mating and Uterine Tissue Collection
Young virgin (2-4 mo old) WT and Lpar3 À/À females were mated naturally with WT stud males and checked for a vaginal plug the next morning. The day on which a vaginal plug was identified was designated as Day 0.5 (mating night as Day 0). Uterine tissues were collected between 1100 and 1200 h on Days 0.5, 3.5, 4.5, and 5.5, as well as between 2300 and 2400 h on Day 5.0. Day 0.5 females were euthanized with CO 2 inhalation, and both uterine horns were quickly removed and snap frozen on dry ice. Oviducts from these mice were dissected for the presence of eggs to determine the pregnancy status. Parts of uterine horns from euthanized Day 3.5 WT and Lpar3 À/À females were quickly removed and frozen on dry ice for immunofluorescence, and the remainder flushed with 13 PBS (to determine the status of pregnancy and to remove embryos before examination of uterine gene expression) and frozen on dry ice for microarray analysis and real-time PCR. The uterine horns from Day 4.5, 5.0, and 5.5 WT and Lpar3 À/À females were flash frozen. Sections with embryo(s) were used for immunofluorescence. Uterine horns from different Day 4.5 WT and Lpar3 À/À females were fixed in 10% formalin for 24 h at room temperature for histology. At least three pregnant mice were included in each group.
Ovariectomy and Hormonal Treatment
WT virgin females (6 wk old) were ovariectomized and allowed to recover for 2 wk to eliminate ovarian steroids from the circulation. The ovariectomized mice received s.c. injection of vehicle (sesame oil), E2 (100 ng), or P4 (2 mg) in 0.1 ml vehicle daily. The mice were dissected 6, 24, or 72 h after the first injection. Uterine tissues were quickly removed and frozen on dry ice for immunofluorescence.
Total RNA Isolation, Microarray Analysis, and Real-Time PCR To isolate total RNA for microarray analysis and real-time PCR, Day 3.5 WT and Lpar3 À/À uterine horns were powdered in liquid nitrogen with a mortar and pestle. The powdered sample was quickly transferred to Trizol for total RNA isolation. Microarray analysis using mouse Illumina Chip was performed at the Genomics and Proteomics Core Facility, Medical College of Georgia, as previously described [32] , with three replicates in each group. For real-time PCR, cDNA was transcribed from 1 lg of total RNA using Superscript III reverse transcriptase with random primers. Real-time PCR reactions were performed in 384-well plates using Sybr-Green I intercalating dye on ABI 7900 (Applied Biosystems). The primers (Integrated DNA Technologies) were: glyceraldehyde 3-phosphate dehydrogenase (Gapdh) e3F1, 5
Histology Fixed Day 4.5 WT and Lpar3 À/À uterine horns were embedded in paraffin and sectioned (4 lm) longitudinally in order to increase the chance of obtaining sections with embryo(s), especially from Lpar3 À/À uteri that didn't show implantation sites at Day 4.5 [30] . Sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin, as previously described [33] .
Immunofluorescence
Frozen uterine horns from Days 0.5, 3.5, and 5.5 WT and Lpar3 À/À females were cross-sectioned (10 lm) with the Day 5.5 sections crossing implantation sites. Frozen uterine horns from Days 4.5 and 5.0 WT and Lpar3 À/À females were sectioned (10 lm) longitudinally in order to increase the chance of obtaining sections with embryo(s). Only the sections with embryo(s) from Day 4.5, 5.0, and 5.5 were used in the study. The frozen uterine sections on superfrost plus slides were fixed in freshly prepared 4% paraformaldehyde in 0.02 M PBS at room temperature (RT) for 20 min. The slides were washed in PBS three times for 5 min each. Sections for COL I and COL III (but not COL IV or COL VI) immunofluorescence underwent antigen retrieval before they were subsequently incubated in 0.2% Triton-X100/PBS for 20 min, and washed three times in PBS for 5 min each. Nonspecific staining was blocked with 10% rabbit (for COL I and COL III) or goat (for COL IV and COL VI) serum in PBS for 60 min at 378C. Sections were incubated with primary goat anti-collagen antibody (1:25 for COL I and COL III) or rabbit anti-collagen antibody (1:400 for COL IV, and 1:500 for COL VI), and, in a few cases, with rat anti-PECAM (1:200) also, in blocking reagent at 48C overnight. They were washed three times in PBS for 10 min each, incubated with Alexa Fluor 488 rabbit anti-goat IgG, Alexa Fluor 488 goat anti-rabbit IgG, or goat anti-rat Cy3 (1:200) in 1% BSA/PBS for 60 min at RT, then washed in PBS twice for 5 min each. They were then incubated with DAPI in PBS for 15 min at 378C, and washed in PBS three times for 5 min each. The sections were mounted in Vectashield. Sections for negative control were processed exactly the same, except that the primary antibodies were replaced with goat IgG (for COL I and COL III) or rabbit IgG (for COL IV and COL VI).
Statistical Analyses
Statistical analyses were performed using two-tail, unequal variance Student t-test. The significant level was set at P , 0.05.
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RESULTS
Histology of Day 4.5 WT and Lpar3
À/À Uterus
It was demonstrated previously that deletion of Lpar3 in mice leads to delayed implantation [30] . Histological examination on Day 4.5 revealed that the WT luminal epithelium (LE) had lost the single-layer epithelial morphology at the implantation site, and the subepithelial stroma had undergone morphological changes to form a primary decidual zone (Fig.  1A) . In contrast, the LE opposed to blastocysts in the Lpar3
uterus maintained a single-layer epithelium, although cells were flattened and less dense than the adjacent LE; in addition, no decidual changes were apparent in the subepithelial stroma of Lpar3 À/À uterus (Fig. 1B) . These morphological differences suggest that the LE morphological changes and ECM remodeling associated with early implantation may be retarded in the Lpar3 À/À uterus, consistent with delayed uterine receptivity [30] .
Differential Expression of Col3a1 and Col6a3 mRNA in Day 3.5 Lpar3 À/À Uterus Lpar3 expression in the WT uterus peaks at Preimplantation Day 3.5 [30] . Microarray analysis was performed to determine differentially expressed genes in the Day 3.5 Lpar3 À/À whole uterus. Col3a1 and Col6a3 mRNA appeared more abundant in Lpar3 À/À than in WT uterus, and these differential expressions were confirmed by real-time PCR (Fig. 2) . It has been demonstrated that there is loss of COL III and COL VI (both protein and mRNA) in the decidual zone upon implantation in rodents [6, 11, 34] . No other collagen genes showed significantly differential expression in the microarray. We therefore examined the regulation of COL III and COL VI protein by ovarian hormones in WT uterus and their expression in the Peri-implantation Day 0.5, 3.5, 4.5, 5.0, and 5.5 WT and Lpar3 À/À uterus. We compared two other main collagen types in the uterus-COL I and COL IV.
Regulation of Uterine COL III, I, VI, and IV by E2 and P4 COL III, I, VI, and IV are differentially regulated by ovarian hormones E2 and P4 in the ovariectomized WT uterus. Supplemental Figure S1 (all supplemental data are available at www.biolreprod.org) shows that COL III was detected in stroma and myometrium, but not in the epithelial compartment. In the oil-treated control uterus, COL III fibers appeared as fine granular staining with some connections with adjacent foci (Supplemental Fig. S1, A and B) . No obvious changes were observed after 6 h of E2 or P4 treatment (data not shown). However, after 24 hours of E2 (but not P4) treatment, the COL III fibrils became thicker and longer, and appeared web-like (Supplemental Fig. S1 , C and E), which persisted after 72 h of E2 treatment, and also showed up after 72 hours of P4 treatment (Supplemental Fig. S1 , D and F). COL I staining and regulation by E2 and P4 were similar to COL III (Supplemental Fig. S1 ), except that the effects were delayed (images not shown; see summary in Table 1 ). Supplemental Figure S2 shows that COL VI was detected in the intercellular spaces of stroma and myometrium, and appeared as irregular punctuate deposits in the oil-treated uterus (Supplemental Fig. S2, A and  B) . After E2 or P4 treatment for 6 h (data not shown), a fibrillar 
uterus (À/À). The LE next to the embryos in B still maintains a single layer structure, and the stroma beneath lacks a primary decidual zone; the presence of two adjacent embryos in B is an early indication of embryo crowding in Lpar3 À/À uterus [30] . H&E stain, 4-lm longitudinal section of formalinfixed uterus. *Embryo; D, decidual zone. Bar ¼ 50 lm; n ¼ 3.
FIG. 2. Differential expression of Col3a1
mRNA and Col6a3 mRNA in Day 3.5 WT and Lpar3 À/À uterus indicated by microarray and real-time PCR. A) Col3a1 mRNA levels. B) Col6a3 mRNA levels. Error bars represent standard deviation. *P , 0.05; n ¼ 3 for microarray and n ¼ 5-6 for realtime PCR; Gapdh was used as a loading control in the real-time PCR. Similar results were obtained when Hprt1 was used as a loading control in the real-time PCR (data not shown).
COLLAGEN EXPRESSION IN PERI-IMPLANTATION UTERUS
web of immunoreactive COL VI became apparent and persisted after 24 hours of E2 or P4 treatment, and 72 h of P4 treatment (Supplemental Fig. S2, C, E, and F) . However, after 72 h of E2 treatment, COL VI staining was patchy (Supplemental Fig. S2D ), suggesting fibrillar aggregation. Supplemental Figure S3 demonstrates the regulation of COL IV by E2 and P4. COL IV was mainly detected in the walls of blood vessels and in epithelial basement membranes (Supplemental Fig. S3 ). Upon E2 treatment, COL IV stain in the LE basement membrane was reduced to barely detectable levels at all three time points examined (Fig. S3 , C and D, and data not shown). However, P4 treatment did not affect COL IV expression in basement membrane, and neither E2 nor P4 affected the distribution of COL IV in blood vessels. Table 1 summarizes the effects of E2 and P4 on the expression of COL III, I, VI, and IV in the mouse uterus.
COL III Expression in Peri-Implantation WT and Lpar3
Immunofluorescence demonstrates that, at Day 0.5, COL III was detected throughout the uterine endometrium and myometrium (Supplemental Fig. S4, C and D) . COL III was not detected in LE or glandular epithelial (GE) cells, but reactivity was observed in the subepithelial ECM of both LE and GE (Supplemental Fig. S4, C and D) . A similar distribution was observed at Day 3.5. There were no obvious differences between WT and Lpar3 Fig. S5C ). At higher magnification (203), a reduced density of COL III with some discontinuities was seen in the stromal area in the Day 4.5 WT uterus (Fig. 3C ) compared with that of Day 3.5 (Fig. 3A) . Strong COL III staining was detected in the subepithelial ECM of LE in the WT uterus that was not adjacent to the primary decidual zone (Fig. 3C) . The COL III stain in the subepithelial basement membrane area of LE in the Day 4.5 Lpar3 À/À uterus was relatively even (Fig. 3D) . The two embryos seen next to each other in the Day 4.5 Lpar3 À/À uterus is an early indication of embryo crowding in the mutant (Fig.  3D) [30] .
Subsequently, there was further disappearance of COL III from the decidual zone in Day 5.0 and Day 5.5 WT uterus, and significant clearance of COL III was also detected in the decidual zone of Day 5.5 Lpar3 À/À uterus. In addition to more extensive COL III clearance in the Day 5.0 WT decidual zone compared with that in the Day 4.5 WT decidual zone ( Fig. 3E and Supplemental Fig. S5E ), higher magnification clearly showed almost parallel ''strings'' of COL III in the primary decidual zone surrounding the implanting embryo (Fig. 3E) , oriented approximately parallel to an imaginary transverse line between mesometrium and antimesometrium ( Fig. 3E and Supplemental Fig. S5E) . In Day 5.5 WT uterus, the clearance of COL III was even more extensive, reaching almost the entire antimesometrial endometrium, with a low level of COL III staining still detectable in the junctional zone endometrium (Supplemental Fig. S5G) . Meanwhile, the COL III strings present in the primary decidual zone at Day 5.0 were now detected in both mesometrial and antimesometrial sides of the implanting embryo, but not the decidual zone surrounding the embryo in the Day 5.5 uterus ( À/À uterus ( Fig. 3H and Supplemental Fig. S5H ). Intensive COL III stain remained in the myometrium in both the WT and Lpar3 À/À uterus (Supplemental Fig. S5 ). COL III was not detected in embryos (Fig. 3, C-H) .
COL VI Expression in Peri-Implantation WT and Lpar3
In the preimplantation period (Days 0.5 and 3.5), intense COL VI staining was detected throughout the endometrium and myometrium (Supplemental Figs. S4, G and H, and S6, A and B), including the vasculature. No COL VI was detected in LE or GE, but reactivity was observed in the subepithelial ECM of both LE and GE (Fig. 4, A 
and B). No obvious difference in COL VI distribution was observed between WT and Lpar3
À/À at Day 0.5 or 3.5 (Supplemental Figs. S4, G and H, and S6, A and B).
At Day 4.5, clearance of COL VI from the implantation site was observed in the WT uterus (Supplemental Fig. S6C ), but this was not obvious in the Lpar3 À/À uterus (Supplemental Fig.  S6D ). Higher magnification of Day 4.5 WT implantation sites indicated reduced COL VI staining in the primary decidual zone; immunoreactivity remained focally strong in blood vessel walls and adventitia, but lacked the circumferential continuity seen on earlier days. Uneven and discontinuous staining was also seen in the LE subepithelial ECM. No COL VI was detected in the embryo (Fig. 4, C-H) . PECAM staining was used to visualize vascular endothelium and to confirm COL VI localization in and adjacent to vessel walls (Fig. 4J) . These changes of COL VI distribution in decidual cells and ECM were not observed in the Lpar3 À/À uterus where an embryo was present (Fig. 4D) .
At Days 5.0 and 5.5, there was further COL VI clearance from extended areas in the WT implantation sites (Supplemental Fig. S6, E and G) . Some slight evidence for clearance could now be observed in the subepithelial stroma next to the 
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embryo at Day 5.0 in Lpar3 À/À uterus (Supplemental Fig. S6F ), and further clearance was seen at Day 5.5 (Supplemental Fig.  S6H ). Higher magnification revealed disrupted COL VI staining in the subepithelial ECM and further COL VI breakdown in the decidualizing area in WT at Days 5.0 and 5.5 (Fig. 4, E and G) . In the junctional zone endometrium of Day 5.5 WT uterus, COL VI was still present around the stromal cells and beneath GE basement membranes ( Fig. 4I and Supplemental Fig. S6G ). Similar changes of COL VI distribution associated with the progress of implantation were observed in Day 5.0 and Day 5.5 Lpar3 À/À sites, except that these changes were delayed compared with the same day in WT (Fig. 4, E-H) . Although COL VI reactivity disappeared from the decidualizing cells, some staining remained in the walls of blood vessels in implantation sites (Fig. 4 , C-F, and Supplemental Fig. S6, C-H) .
COL I Expression in Peri-Implantation WT and Lpar3
À/À Uterus Like COL III, COL I is a type of fibril-forming collagen, but microarray analysis did not show differential expression of Col I in the Day 3.5 Lpar3 À/À uterus (data not shown). For comparison, we examined COL I expression in the periimplantation WT and Lpar3 À/À uterus. The distribution of COL I (Fig. 5, A and B, and Supplemental Figs. S4, A and B, and S7, A and B) was very similar to COL III (Fig. 3, A Fig. S7 ), and COL I was not detected in the embryos (Fig. 5, C-H) .
However, compared with COL III, the clearance of COL I from the implantation site was delayed and not as extensive (Fig. 5, C-H, and Supplemental Fig. S7 ) from Day 4.5 to Day 5.5, either in WT or Lpar3 À/À uterus. There was discontinuous COL I staining in Day 5.5 WT decidual zone (Fig. 5G ), whereas COL III had already disappeared in Day 5.5 WT decidual zone (Fig. 3G ). In addition, there were COL III strings detected in the primary decidual zone at Day 5.0 (Fig. 3E) , but no obvious COL I-positive strings were observed in Day 5.0 WT implantation site (Fig. 5E ), suggesting that COL I is not part of these string structures.
COL IV Expression in the Peri-Implantation WT and Lpar3
For purposes of comparison, we also examined the major basement membrane collagen, COL IV, the mRNA level for which was not different between Day 3.5 WT and Lpar3 À/À uterus in the microarray analysis (data not shown).
In the Preimplantation Days 0.5 and 3.5 uterus, COL IV was highly expressed in the myometrium, vasculature, and the LE and GE basement membranes, with most intensive labeling in the vasculature; low levels were also detectable in interstitial 
262
areas of the endometrium. Staining was absent from LE and GE cells. No obvious differences in COL IV expression patterns were observed between WT and Lpar3 À/À at Days 0.5 or 3.5 (Fig. 6, A and B , and Supplemental Figs. S4, E and F, and S8, A and B).
In the Day 4.5 WT uterus, reduced COL IV staining was observed in the LE basement membrane next to the primary decidual zone, which, in contrast, seemed to have increased COL IV stain; faint staining was also observed in the embryo (Fig. 6C) . Although the distribution of blood vessels in the endometrium changed upon implantation, the intensity of COL IV reactivity in the vasculature and myometrium did not seem to change (Fig. 6C and Supplemental Fig. S8C ). These changes were not observed in the Day 4.5 Lpar3 À/À uterus where an embryo was present; in keeping with the intact epithelial layer seen in histology (Fig. 1B) , continuous LE basement membrane staining persisted (Fig. 6D and Supplemental Fig.  S8D ). Faint COL IV staining was observed in Day 4.5 embryos (Fig. 6, C and D) .
In the Day 5.0 and 5.5 WT uterus, two prominent changes were observed: one was the appearance of intensive COL IV staining in the primary decidual zone extending several cells layers below the embryo; the other was increased staining in the embryo itself (Fig. 6 , E and G, and Supplemental Fig. S8 , E and G). Higher-magnification examination revealed granular staining, both intracellular and extracellular (Fig. 6, E and G) . At Day 5.5, the embryo was intensively stained (Fig. 6G and Supplemental Fig. S8G ). These changes of COL IV staining were not obvious in Lpar3 À/À uterus at Day 5.0 ( Fig. 6F and Supplemental Fig. S8F ), but manifested at Day 5.5 ( Fig. 6H and Supplemental Fig. S8H ), which is consistent with the effect of delayed embryo implantation. Figure 6I shows COL IV staining in the basal endometrium and myometrium in Day 5.5 WT uterus, with immunoreactivity mainly in the vasculature, myometrium, and GE basement membrane. Figure 6J confirms that COL IV and PECAM were coexpressed in the blood vessels, but not other areas.
Differential Expression of Serine Proteases and MMPs in Day 3.5 Lpar3
À/À Uterus Collagen turnover is regulated by various factors, including serine proteases and MMPs [1, [35] [36] [37] . In line with the differential expression of Col3a1 and Col6a3 in the Day 3. , and Mmp7 on Day 3.5 was confirmed using real-time PCR (Fig. 7) .
DISCUSSION
The regulation of COL I, III, IV, and VI by E2 and P4, as well as the spatiotemporal expression patterns of these four collagen types, were systemically examined in the ovariectomized and the peri-implantation mouse uterus. Each of these collagen types has a distinct spatiotemporal regulation pattern by E2 and P4, and a unique, dynamic pattern of expression in the uterus in early pregnancy. All four collagen types are expressed in the stroma and myometrium, but are undetectable in the LE and GE during peri-implantation. COL I, III, and VI have a discontinuous appearance in the oil-treated ovariectomized uterus. Both E2 and P4 treatments produce thicker and longer fibrils and a web-like appearance, although, overall, the effects of E2 precede those of P4 (Table 1 and Supplemental Figs. S1 and S2). One study indicates that the abundance of COL I correlates with the serum E2 level, but not the P4 level, in the naturally cycling mouse uterus [38] . The effects of E2 and P4 on COL IV are distinctly different from those on COL I, III, and VI. E2 treatment does not affect the expression of COL IV in the vasculature, but reduces its expression in basement membranes, while P4 does not have an obvious effect on COL IV expression (Supplemental Fig. S3 ). These results are inconsistent with the data from natural estrous cycle, in which the degradation of COL IV from LE basement membrane is correlated with serum P4, but not E2 levels [38] . In preimplantation uterus, COL I, III, and VI take on a web-like distribution (Figs. 3-5 ), most likely reflecting the combined effects of E2 and P4 on ECM (Supplemental Figs. S1 and S2). In addition, COL IV staining in the LE basement membrane is much weaker than in the vasculature (Fig. 6A and Supplemental Fig. S4E ), whereas, in oil-treated ovariectomized uterus, the COL IV staining in the LE basement membrane is equally intense as that in the vasculature (Supplemental Fig.  S3, A and B) , perhaps reflecting the effect of E2 on COL IV expression in the LE basement membrane (Supplemental Fig.  S3, C and D) . During peri-implantation, COL I, III, and VI disappear from the decidual zone upon embryo implantation, and are undetectable in the embryo (Figs. 3-5 ) [34] . In contrast, COL IV accumulates in the decidual zone, and is highly expressed in embryonic basement membranes (Fig. 6) .
COL I and COL III are fibril-forming collagens. They have the closest expression patterns among the four examined collagen types in the WT peri-implantation uterus, and they both have been reported to disappear from the implantation site [5, 6] . However, the clearance of COL I from the implantation site is not as fast and extensive as that of COL III (Figs. 3 and  5 , and Supplemental Figs. S5 and S7). These results agree with those of another study in rat uterus that shows 30% and 55% clearance of COL I and COL III, respectively, in the implantation site from Day 5.5 to Day 6.5; and 16% and 31% clearance of COL I and COL III, respectively, in the implantation site from Day 6.5 to Day 7.5 [6] . Previous studies in the mouse indicate weaker COL III staining on Day 5 than on later days [7] , with reorganization into sparsely distributed, thick intercellular fibrils by Day 7 [39] . The expression pattern of COL IV differs from that of the other three collagen types. It has been previously reported that COL IV disappears from the LE basement membrane and appears in the embryo during implantation [9] , which is consistent with our results (Fig. 6 and Supplemental Fig. S8 ). The accumulation of COL IV protein in the decidual zone ( Fig. 6 and Supplemental Fig. S8 ) is also consistent with the reported Col4a1 mRNA and COL IV protein expression in the same area [9, 10] . COL IV consistently has intensive expression in the blood vessels in the peri-implantation mouse uterus ( Fig. 6 and Supplemental Fig. S8 ). COL VI is also detected in the blood vessels, but its relative expression level is not as intensive as that of COL IV when compared with the expression levels in other uterine compartments. Interestingly, COL VI degradation in decidua is spatially restricted, not extending to the vessel walls (Fig. 4 and Supplemental Fig.  S6) . A similar phenomenon occurs in both rat and human decidua [11, 40] . This probably reflects the role of COL VI, which seems to envelop vessels, perhaps as a way of integrating them into the surrounding three-dimensional tissue architecture.
These spatiotemporal changes in COL I, III, IV, and VI in the Lpar3 À/À peri-implantation mouse uterus are all delayed compared with that in the WT peri-implantation uterus (Figs. 3-6, and Supplemental Figs. S5-S8). These changes were different from the effects of E2 and P4 on uterine collagen expression in ovariectomized WT uterus, indicating that the altered collagen expression in Lpar3 À/À uterus is unlikely to be a result of alterations in ovarian hormones. The statement is supported by our observation that there is no significant difference in serum E2 and P4 levels between WT and Lpar3 À/À mice on Day 3.5 and Day 4.5 (data not shown). One explanation for retention of COL III and COL VI in the Lpar3 À/À implantation sites could be higher mRNA expression levels (Fig. 2) , leading to elevated rates of protein synthesis and, possibly, more abundant ECM collagen, although this was not apparent in the immunostaining at Day 3.5. In addition, decreased uterine expression of genes involved in ECM turnover, including mast cell proteases and MMPs (Fig. 7) , may very well contribute importantly to the delayed clearance of COL I, III, and VI in Lpar3 À/À uterus [20, 37] . COL VI is resistant to some of the major MMPs; however, it can be degraded by mast cell chymases and some other serine proteinase matrix-degrading enzymes [21] . Mast cell chymase can also regulate the activities of pro-MMP-2 and -9; as well as inhibit the expression of Col I and Col III mRNA [23, 41] . It seems that COL IV is synthesized in the decidual cells [9, 10] , so the delayed accumulation of COL IV may reflect delayed implantation in Lpar3 À/À uterus ( Fig.  6 and Supplemental Fig. S8) , with delayed onset of de novo gene expression and production of COL IV in the decidual zone.
How is LPA3 involved in regulating collagen metabolism? Lpar3 is mainly expressed in the LE [30] , where none of the collagen types that we have examined are detected (Fig. 3-6 ) [34] . Thus, LE may not be a main source for collagen synthesis in the period under study. The LE-specific localization of Lpar3 suggests that LPA3 may have a paracrine effect on collagen regulation [42] . Since LE is the first layer of cells with which an implanting embryo communicates, if LPA3 mediates the communication between an implanting embryo and the stromal cells, its absence could lead to a delay in the molecular program of primary decidual differentiation.
Dysregulation of uterine ECM turnover has been associated with uterine dysfunction, including defective uterine receptivity. Overproduction of human mast cell chymase in the myometrium may be involved in the pathogenesis of severe pre-eclampsia [43] . Reduced COL IV expression in human decidual tissues may be associated with spontaneous abortion [44] . Reduced COL IV expression in the endometrium of women postluteinizing hormone surge was associated with unexplained infertility [45] . Decreased levels of MMP9 and tissue inhibitor of MMP (TIMP) 1 were detected in uterine fluid during the expected implantation window in women with infertility and unexplained recurrent miscarriage [46] . Decreased uterine receptivity is a main reason for the low pregnancy rate and higher miscarriage rate in patients with polycystic ovary syndrome (PCOS). It has been demonstrated that Mmp26 is downregulated in the uterus of PCOS patients during the expected implantation window [47] . Compared to normal midsecretory endometrium (expected implantation window), higher mRNA levels of Col I, Mmp2, and cathepsin H, as well as lower mRNA levels of Timp3 were detected in midsecretory endometrium of patients with unexplained infertility and/or recurrent miscarriages [48] .
This study demonstrates that deletion of Lpar3 leads to altered spatiotemporal expression of COL I, III, IV, and VI in the peri-implantation uterus. These changes are in line with the delayed uterine receptivity in the Lpar3 À/À uterus. However, the functional significance of these collagen types in the Lpar3 À/À mice is currently unknown. We speculate that altered collagen expression could contribute to delayed implantation and subfertility in Lpar3 À/À mice.
